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Introduction study whether release at single conventional release sites can follow high-frequency firing at synapses that The coding of neuronal firing frequency is critical for may receive high-frequency firing inputs in vivo, we used information processing in the nervous system (Oertel, a large, calyx-type, glutamatergic synapse containing 1999). Neurons, such as those in the auditory system, many conventional active zones in the rat medial numay fire up to several hundred hertz (Oertel, 1999; Trus- cleus of the trapezoid body (Lenn and Reese, 1966; sell, 1999) . To maintain synaptic transmission during Forsythe and Barnes-Davies, 1993; Oertel, 1999) . This high-frequency firing, the nerve terminal must release synapse is a fast synapse at which an action potential at a high rate. Both the number of release sites and the evokes release of small clear-cored vesicles that cause rate of release at each release site determine the rate a postsynaptic current in less than 1 ms (Borst and of release from a nerve terminal. At cultured retinalSakmann, 1996). This synapse, an important synapse amacrine cell synapses, by statistical analysis of postinvolved in sound localization, may relay action potensynaptic currents, it is estimated that a small number tials from the presynaptic to the postsynaptic site at of primed vesicles, very likely one per release site, can frequencies up to hundreds of hertz during acoustic be quickly exocytosed upon depolarization at the prestimulation (Oertel, 1999) . Thus, the rate of release at synaptic cell body (Borges et al., 1995). About 50 ms is release sites may be of particular importance to the then required before the next vesicle is exocytosed at function of this synapse. The large nerve terminal (calyx the release site. Similarly, by measurements of postsynof Held) and the large amount of release allowed us aptic currents during application of hypertonic solution to study the kinetics of exocytosis by measuring its that triggers release, it is estimated that a release site membrane capacitance during direct depolarization. can release a vesicle every 50 ms until the immediately Since this was the first time the capacitance measurereleasable pool is depleted at hippocampal synapses ment was applied to the fast synapse in the mammalian (Stevens and Tsujimoto, 1995; Schikorski and Stevens, central nervous system, we characterized the capaci-1997). It is unclear why there is an interval of about 50 tance increase in the nerve terminal during stimulation, ms between release of two vesicles at single-release and compared this increase with the excitatory postsynsites of these two synapses. It may be due to a slow aptic current (EPSC) measured at the same synapse. physical translocation of a vesicle to the release site,
We identified a releasable pool of vesicles that can be or a refractory period of the release site that follows depleted by a 10 ms step depolarization. or more vesicles in 10 ms. In other words, the release holding potential of Ϫ80 mV. A step depolarization (1-30 rate at release sites may be maintained at more than ms) from Ϫ80 mV to a voltage ranging from 0 to ϩ20 mV 300 vesicles per second until the releasable vesicles activated a Ca 2ϩ current and a membrane capacitance are depleted. This finding indicates that conventional jump (⌬Cm) with no significant changes in the membrane release sites can release vesicles at a much higher rate resistance and the series resistance ( Figure 1B, Results currents and more than 85% of the ⌬Cm in every calyx tested (n ϭ 5, Figure 1B , dotted traces). Dialyzing the Capacitance Jump Is Ca 2؉ -Dependent fast Ca 2ϩ buffer BAPTA (10 mM) into the terminal also For recording of the capacitance at the nerve terminal, blocked more than 85% of the ⌬Cm (n ϭ 3, Figure 1C ). the axon connecting with the terminal should be as short No significant ⌬Cm following a step depolarization was as possible (Gillis, 1995 relation between the evoked EPSC and the capacitance jump was measured. The amplitude of the mean mEPSC, This prediction was observed in our experiments. After the capacitance jump, the capacitance decayed to the obtained from about 60-400 mEPSCs at each of 5 synapses, was 19.5 Ϯ 1.0 pA (n ϭ 5, e.g., Figure 3B ). By baseline with a time constant ranging from a few seconds to tens of seconds. For example, after a 2 ms dividing the slope between the evoked EPSC amplitude and ⌬Cm by the mean mEPSC amplitude obtained at and a 10 ms step depolarization to ϩ10 mV, the time constants of the decay were 8.8 Ϯ 1.8 s (n ϭ 5, e.g., the same synapse, we found that 1 fF capacitance jump corresponded to release of 8.0 Ϯ 0.7 vesicles (n ϭ 5 Figure 2A ) and 20.5 Ϯ 3.6 s (n ϭ 5, e.g., Figure 2B ), respectively. The latter value was significantly longer synapses). A similar value was obtained when the calculation was based on the charge of the EPSC (integrated than the former value (p Ͻ 0.05, t test), suggesting that the rate of endocytosis may depend on the stimulus for 20 ms) instead of the amplitude, because the time courses of the evoked EPSC ( Figure 3B , dotted) and the intensity. These results also suggest that the capacitance jump, measured as the difference between the mean mEPSC ( Figure 3B , solid) were similar. The number of vesicles (N v ) released during a capacicapacitance value about 10-40 ms before and after a step depolarization in this study, is not affected by endotance jump (⌬Cm) can also be estimated by the following equation cytosis. Figures 3A and 3C) . Their relation underestimate of release with measurements of postsynaptic currents. Thirdly, the vesicle diameter could be could be fit with a linear regression line with a slope of 148 Ϯ 22 pA/fF (n ϭ 6 synapses, e.g., Figure 3C . We found that 2 ms or longer steps to ϩ10 mV the releasable pool. A similar capacitance jump (429 Ϯ evoked a maximal EPSC (11.7 Ϯ 0.9 nA, n ϭ 6, Figure  12 fF, n ϭ 6) was induced by 8 brief steps (1 ms to ϩ20 5A). The rise time of EPSCs evoked by 2 ms or longer mV at 300 Hz) that might mimic action potentials, and step depolarizations was similar and was much faster subsequent application of a 10 ms step depolarization than the decay time. For example, following 2 ms and caused no further capacitance jump (not shown). Since 5 ms step depolarizations, the 20%-80% rise time was 1 fF capacitance jump corresponded to about 8-12.7 the same, 0.3 Ϯ 0.1 ms (n ϭ 6), and the 20%-80% decay vesicles and release of all vesicles in the releasable pool time was 2.1 Ϯ 0.2 ms (n ϭ 6) and 2.4 Ϯ 0.2 ms (n ϭ increased the capacitance by 412 fF, on average, the 6), respectively ( Figure 5A ). Thus, the decay of the EPSC releasable pool contained about 3300-5200 vesicles.
was too slow to counter balance the rapid rise of the EPSC. Figure 5B shows the summary of results obtained The EPSC Amplitude Is Saturated by Release of during 1-10 ms step depolarization to ϩ10 mV together About One Third of the Releasable Pool with those (e.g., Figure 3 ) obtained during a 1 ms step Our estimate of the releasable pool size (3300-5200 vesidepolarization to various voltages. The nonlinear relacles) was larger than previous estimates (600-1800 vesition between the EPSC AMPA amplitude and ⌬Cm was cles) using measurements of EPSCs ( Figure 7A ). The EPSC evoked by steps longer than 2 ms showed a plateau level after the peak was (Tong and Jahr, 1994). The 20%-80% rise time of the EPSC NMDA was less than 4 ms, whereas the 20%-80% reached ( Figure 7A , inset), consistent with saturation of AMPA receptors. The decay of the EPSC evoked by a decay time was more than 40 ms (e.g., Figure 6A) . Thus, the decay of the EPSC was also too slow to counter 2 ms step was significantly faster than that evoked by longer steps ( Figure 7A ). For example, the 20%-80% balance the continued release during a step depolarization.
decay 
Measurements of Vesicle Exocytosis The EPSC Amplitude Is Not Saturated and Endocytosis at a Fast Synapse in the Presence of Kynurenate
This was the first time the presynaptic membrane capSaturation of the EPSC amplitude suggests that all synacitance was measured at a fast synapse at which a aptic glutamate receptors are saturated at the time the presynaptic action potential evokes release of small EPSC reached the maximal amplitude. The extent of clear-cored vesicles. The capacitance jump was Ca 2ϩ -AMPA receptor saturation can be reduced by applying dependent and linearly proportional to the EPSC before kynurenate, an AMPA receptor antagonist that unbinds glutamate receptors were saturated. These results are from the receptor fast enough to be replaced by released consistent with the previous finding that the capacitance glutamate (Diamond and Jahr, 1997). In the presence jump is linearly proportional to transmitter release at of kynurenate, more released glutamate should evoke goldfish retinal bipolar nerve terminals and chromaffin larger EPSCs by replacing more bound kynurenate.
cells (Von Gersdorff et al., 1998; Albillos et al., 1997)
. The Thus, we tested whether kynurenate reduced the degree capacitance jump after a 2-10 ms step depolarization of saturation of the EPSC amplitude. Depending on the decayed to the baseline in a few seconds to tens of concentration (1-5 mM), kynurenate inhibited the maxiseconds and appeared to depend on the stimulus intenmal EPSC to about 50%-10% of control, but did not sity. This result is consistent with the finding that the significantly affect the ⌬Cm (p Ͼ 0.5, t test, n ϭ 12). time course of endocytosis is stimulus-dependent at In the presence of kynurenate, the EPSC continued to many synapses, including the goldfish retinal bipolar increase as ⌬Cm increased until the latter reached the synapse (Von Gersdorff and Matthews, 1994), the frog maximum (n ϭ 12, e.g., Figure 8A , B). For example, the neuromuscular junction (Wu and Betz, 1996), the nerve EPSC evoked by a 2 ms step to ϩ10 mV was not maximal terminal of the rat posterior pituitary (Hsu and Jackson, (Figure 8A ), a 3 ms step to ϩ10 mV caused a larger 1996), and cultured hippocampal synapses (Sankara-EPSC, and a 5 ms step to ϩ10 mV further increased the narayanan and Ryan, 2000). The ability to measure the EPSC ( Figure 8A ). This nonsaturation effect was not membrane capacitance at the MNTB synapse provides observed in the presence of the slowly dissociating the possibility to systematically study the kinetics of AMPA receptor antagonist NBQX (0.3 M) (Diamond vesicle endocytosis following action potential stimulaand Jahr, 1997), which reduced EPSCs evoked by varition at a time resolution much higher than fluorescence ous step depolarizations to a similar percentage, about imaging techniques (Angleson and Betz, 1997). The abil-20% of control (n ϭ 3, not shown). Thus, saturation of ity to monitor synaptic transmission simultaneously from the EPSC amplitude observed in the control is not due both the nerve terminal and the postsynaptic neuron to a large EPSC that is difficult to voltage-clamp. These results ruled out the possibility that saturation of the provides a new approach to identify the presynaptic 
Saturation of the EPSC Amplitude Reflects
Receptor Figures  5A, 6A, and 7A) . Secondly, the capacitance jump continmultaneous measurements of the EPSC and the presynaptic capacitance jump at the same synapse, we estiued to increase with a time constant of 2.9 ms during a step depolarization (Figure 4) , whereas a 2 ms step mated that the releasable pool size ranged from 3300-5200 vesicles. This estimate was made in rats of depolarization was sufficient to cause a maximal EPSC (Figures 5A, 6A, and 7A) . Thus, during a step depolariza-8-10 days old, during which synaptic transmission in the MNTB may not be completely matured (Taschenberger tion longer than 2 ms, significant release continued to occur after the EPSC reached the maximal amplitude.
and Von Gersdorff, 2000). The releasable pool size might be even larger at more matured MNTB synapses, as has This additional release was able to further increase the EPSC when the extent of receptor saturation was debeen suggested by Taschenberger and Von Gersdorff (2000). creased by kynurenate (Figure 8 ). The latter result (Figure 8) , together with the finding that dense-cored vesicles are rarely observed at MNTB synapses (Lenn and A Single Active Zone Can Release More Than Three Vesicles in 10 ms Reese, 1966; Casey and Feldman, 1985), argues against the possibility that saturation of the EPSC amplitude is As discussed above, AMPA receptors were saturated by release of about 35% of the releasable pool, and the due to release of dense-cored vesicles that contribute to the capacitance jump but not the increase in the releasable pool was depleted with a time constant of 2.9 ms during a step depolarization. Thus, multiple vesicles EPSC. In addition, we found that saturation of the EPSC AMPA was not caused by receptor desensitization, must be released onto the same postsynaptic receptor cluster during a 10 ms step depolarization. If we assume although significant receptor desensitization may occur after receptor saturation. In conclusion, AMPA or NMDA that release of a single vesicle is responsible for the observed saturation in each postsynaptic site, on averthe EPSC amplitude. In summary, our results suggest that three or more vesicles can be released from the age, three vesicles (100%/35% Ϸ 3) must be released onto the same postsynaptic site in 10 ms. However, same active zone in 10 ms, i.e., at a frequency of more than 300 vesicles per second. ., 26:1120, 2000) . Thus, more than three vesicles may be released to the same postsynaptic Our conclusion that a single active zone can release at least three vesicles in 10 ms received further support site in 10 ms.
Electron microscopic studies indicate that a calyceal from a recent study, which found that a three-dimensionally reconstructed calyx in the MNTB contains about synapse is composed of many "micro-synapses," each of which is made up of a presynaptic active zone, a 500 active zones (Lü bke et 
